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A B S T R A C T
Numerous studies have reported soil damage from chemical fertilizer application and an obvious promotional
effect of seaweed fertilizer fermented with Sargassum horneri on the growth of tomato roots and seedlings due to
its alginate oligosaccharide. However, few studies have assessed the effects of the fermented seaweed fertilizer
on ecological environment and microorganisms in soil. Herein, our objective is to uncover microbial and soil
environmental responses to Sargassum horneri-fermented seaweed fertilizer. After treated tomato-planting plots
with Sargassum horneri fermented seaweed fertilizer, soil bacterial community compositions based on 16S rRNA
gene amplicon sequencing, enzyme activities in soil and crop yield were analyzed. The bacterial α-diversity was
strongly influenced by seaweed fertilizer amendment after 60 days. Non-metric multidimensional scaling
(NMDS) analysis showed that a difference in bacterial community compositions between day 0 and day 60 was
obvious for soil treated with seaweed fertilizer. The community variation could be caused by invertase activity
and dehydrogenase activity in canonical correlation analysis (CCA). Protease activity, polyphenol oxidase ac-
tivity and urease activity showed an obvious correlation with community variation in the Mantel test. The
fertilization increased tomato yield by 1.48–1.83 times, Vc content by 1.24–4.55 times and lycopene content by
1.20–2.33 times. In the present study, a possible reason for bacterial community variation was discovered, which
will provide an economical dilution rate of seaweed fertilizer for optimal crop yield and quality. Meanwhile, our
study will be beneficial for developing a possible substitute for chemical fertilizer and an improved under-
standing of soil microbial functions and soil sustainability.
1. Introduction
Since the first Green Revolution, chemical fertilizers have been ex-
tensively applied to sustain global agricultural production (Leita et al.,
1999; Tilman, 1998). Currently, excessive application of chemical fer-
tilizers, pesticides, and herbicides is common in modern high-intensity
agricultural ecosystems all over the world and is considered a main
cause for a decrease in soil quality and fertility, reduction of soil mi-
crobial diversity, and contamination of groundwater resources in
agricultural ecosystems (Chaudhry et al., 2009; Kaur et al., 2008). On
the other hand, agriculture sector is the largest contributor to these
non-CO2 global greenhouse gas (N2O, CH4 and fluorinated gases)
emissions (Simpson et al., 2014), for instance, about 82% of non-CO2
emissions in Central and South America were attributed to the agri-
culture sector in 2005. Synthetic fertilizer and pesticides use in the
recent past caused tremendous increase of global greenhouse gas
emissions by agricultural sector (Davidson and Kanter, 2014).
High yields in agricultural production and a clean environment
without pollution are both anticipated goals pursued by human beings.
A substitute for chemical fertilizer is urgently needed.
As a natural resource, seaweed is not only harmless to the en-
vironment but also rich in various nutrients that are beneficial to plants.
In addition to organic compounds such as proteins, amino acids, lipids,
cellulose, vitamins and phenols, seaweed is also rich in alginate, fu-
coidan, laminarin and other polysaccharides that are not present in
terrestrial plants (Khan et al., 2009; Ugarte et al., 2006). Greater con-
centrations of minerals and plant hormones have also been found in
marine seaweed (Nabti et al., 2017). As a biofertilizer, seaweed is a
sustainable alternative to chemical fertilizers. Furthermore, advanced
production technology enhances the nutrient content of seaweed
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extract (Kadam et al., 2015; Wang et al., 2016a). Previous studies have
reported the beneficial effects of seaweed extract application in the
agriculture domain, such as early seed germination and seedling es-
tablishment, improved crop yield and quality, increased resistance to
environmental stresses, and regulation of the soil micro-ecosystem (Bai
et al., 2013; El Kaoaua et al., 2013; Mohamed and El-Sehrawy, 2013).
Understanding soil microbial properties in response to seaweed
fertilization helps us know about soil microbial functions through op-
timized fertilization practice. Numerous studies have revealed that the
soil microbial community is an important component of the soil eco-
system and is known to be the main driver of soil health and quality
(Xue et al., 2013). Biological processes are essential and responsible for
many critical ecosystem functions in soil, such as nutrient cycling, toxin
removal, the decomposition of organic matter and the formation of soil
aggregates (Stark et al., 2008). In addition, microorganisms in soil play
an important role in promoting plant growth. Although the concealed
links between soil microbial communities and the soil ecosystem are
still poorly understood, interaction effects have been observed between
fertilization practices, the diversity and abundance of soil microbial
communities, and plant quality (van der Heijden and Wagg, 2013).
Some studies have reported that soils in organic farming regimes had
higher microbial activity and diversity than those in conventional
farming systems (Mader et al., 2002). Recently, an increasing number
of studies focus on the effects of fertilization and soil management
practices such as organic farming, crop rotation, straw amendments and
biostimulant application on soil microbial communities (Chen et al.,
2014; Garbeva et al., 2004; Hartmann et al., 2015; Tejada et al., 2011;
Venter et al., 2016). However, few studies have reported on the effects
of seaweed fertilizer application on the soil microbial community.
To establish seaweed as an effective biofertilizer, more in-depth
studies are needed to determine the relationship between seaweed
fertilizer use and the soil microbial community. In a previous study, we
used the identified strain Bacillus litoralis to ferment Sargassum horneri
and found that the fermented seaweed fertilizer with alginate oligo-
saccharides promoted root and seedling growth of tomato (Wang et al.,
2016a, 2017).
In the current study, we determined basal soil biochemical prop-
erties including total C, total N, and enzyme activity and explored the
effects of seaweed fertilizer application on soil microbial communities
in a field trial of tomato. Soil was augmented with seaweed root-irri-
gation and sampled after 60 days of application. Soil bacterial diversity
and community composition were analyzed by using a deep sequencing
approach. Due to microbial ecological functions being closely related to
soil biochemical properties, We hope to investigate (i) the short-term
effects of amendment with seaweed fertilizer on the soil bacterial di-
versity and community composition, (ii) the relationship between
bacterial community composition and soil biochemical properties after
short-term seaweed fertilizer application, and (iii) whether soil and
crop qualities were improved.
2. Materials and methods
2.1. Site description
Soil samples were collected from a long-term fertility experiment
site located at the Yantai Agri-Expo Garden, Yantai City, Shandong
Province, China (37.494°N, 121.286°E). The region has a temperate
monsoon climate, with mean annual precipitation of 672.5 mm and a
mean annual temperature of 12.6 °C. The soil is brown soil with loamy
particle size-classes and good structure (Udic Luvisols, FAO) (Li et al.,
2014).
2.2. Experimental design
In June 2015, 5 experimental plots were used to plant tomato
(Lycopersicon esculentum Mill) for approximately 60 days. This field was
used to plant tomato for 5 consecutive years prior to this experiment. As
a base fertilizer, commercial chemical manure (N-P-K 16-16-16) was
regularly applied for tomato plantation at the content of 1500 kg ha−1
every time. Each plot consisted of 14 plants in double rows (1.0 m wide,
4.0 m long) with row interval of 0.2m. The treatments with fermented
seaweed fertilizer at three concentrations of W6, W9 and W12 were
conducted; and commercial seaweed fertiliser Leili (CKL) were used as
the positive control and the water only (CK0) were used as the negative
control.
During the experimental period of 60 days, one experimental plot
was subjected to root-irrigation with 10 L of water for 5 times. One
experimental plot was subjected to treatment with Leili seaweed ferti-
lizer (Leili 2000, Beijing) at the concentration of 6ml L−1 for 5 times.
Fermented seaweed fertilizers (Wang et al., 2016a) with 60ml, 90ml,
and 120ml of fermented seaweed extract were added in 10 L of water,
and applied to soil at three concentrations for 5 times, respectively. The
nutritional compositions of commercial Leili seaweed fertilizer were
composed of 18% solid content, 2% alginate acid, 0.1% amino acid, 8%
N, 2% P2O5, and 4% K2O. Fermented seaweed fertilizer contained 4.5%
solid content, 2% alginate acid, and 0.2% alginate oligosaccharide.
2.3. Soil sampling
In each plot, three single pore soil samples were randomly collected
as three replicates. Totally 30 soil samples were collected from 5 plots
(CK0, W6, W9, W12 and CKL) and 2 time points (tomato seeding time
as day 0 and tomato harvesting time as day 60). Each replicate was
collected from top layer of soil with the depth of 0–20 cm after different
treatments on day 0 in June and on day 60 in August. The soil samples
were preserved in a zip lock bag. Each replicate was divided into two
portions. One portion was homogenized and air-dried to pass through a
0.15mm mesh sieve for evaluating soil properties. Another portion was
stored at −80 °C for future high-throughput sequencing.
2.4. Determination of physico-chemical characteristics
Total organic carbon (TOC) and total nitrogen (TN) were de-
termined using an elemental analyzer (Vario MACRO cube, Elementar,
Germany). C/N ratios were estimated by the ratio of TOC to TN. Soil
moisture was determined by the percentage between soil samples be-
fore and after drying at 105 °C. Soil enzyme activities were determined
according to methods described (Guan, 1986). The method of ninhydrin
colorimetry is used for determination of soil protease activity. In brief,
2 g of air-dried soil were mixed with 10ml 1% pH 7.4 phosphate buffer
solution and 0.5 ml of toluene. The mixed liquids were incubated at
30 °C for 24 h and then filtered. Proteins were precipitated with sulfuric
acid and sodium sulfate. Ninhydrin solution was added and the mixture
was boiled for 10min. Absorbance was measured at 560 nm.
For polyphenol oxidase activity analysis, 1 g dry soil sample mixed
with 10ml 1% pyrogallol solution was incubated at 30 °C for 2 h. Then,
the mixture was extracted with citric acid-phosphate buffer and ether
for 30min. The colored ether phase was colorimetrically assessed at
430 nm.
Indophenol blue colorimetry was used for determination of urease
activity. In brief, 1 ml toluene was added to 2 g air-dried soil. After
15min, 10ml urea solution (10%) and 20ml of citrate buffer (pH 6.7)
were added and mixed by shaking. The samples were incubated at 37 °C
for 24 h. After incubation, sodium phenol and sodium hypochlorite
were added and after 20min absorbance was determined at 578 nm.
To measure invertase activity, the toluene, sucrose solution and
phosphate buffer were added in to 5 g soil, cultured at 37 °C for 24 h
and quickly filtered. Then, 1ml filtrate was removed, and 3ml 3,5-di-
nitrosalicylic acid was added. The mixture was then incubated in a
boiling water bath heat 5min. The volumetric flask was then moved to
tap water for cooling for 3min. Absorbance was determined at 508 nm.
The dehydrogenase activity in soil was determined using 2,3,5-
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triphenyltetrazolium chloride (TTC) by spectrophotometry. According
to the protocol from Casida (1964), TTC is a kind of useful indicators for
evaluating electron transport system activity. With the reduction of a
colorless water-soluble substrate TTC degraded by dehydrogenase, an
insoluble product with red color (1,3,5-triphenylformazan-TPF) is
generated. Two grams of soil aggregate, 2 ml of 0.1mol L−1 glucose,
2 ml of 1% TTC solution, and 2ml of 0.5 mol L−1 Tris buffer (pH 7.6)
were mixed. The samples were incubated at 37 °C for 24 h. TPF was
extracted by ethanol and determined at 485 nm using a UV-1750
spectrophotometer (Shimadzu, Japan). The dehydrogenase activity in
soil was expressed as µg TPF g−1 h−1. All measurements were con-
ducted in triplicate and calculated on the basis of the oven-dried
(105 °C) soil mass.
2.5. Soil DNA extraction and sequencing
Total DNA was extracted from 0.5 g of each sample using a
FastDNA® SPIN Kit for soil (MP Biomedicals, Santa Ana, CA) according
to the manufacturer’s instructions. The extracted soil DNA was dis-
solved in 50ml of Tris-EDTA (TE) buffer, quantified by a spectro-
photometer, frozen, and delivered to Shanghai Oebiotech Co., Ltd., for
deep 16S rRNA gene amplicon sequencing.
Raw sequences were processed using the Quantitative Insights Into
Microbial Ecology (QIIME) 1.9.1-dev pipeline (Caporaso et al., 2010)
(http://www.qiime.org) using default parameters unless otherwise
noted. In brief, sequences were quality trimmed (> 25 quality score
and 200 bp in length) and assigned to each sample according to a
corresponding sample barcode. Sequences were denoised (Reeder and
Knight, 2010) and then binned into Operational Taxonomic Units
(OTUs) at 97% identity threshold; the most abundant sequence from
each OTU was selected as a representative sequence for that OTU.
Taxonomy was assigned to bacterial OTUs against a subset of the Silva
119 database (http://www.arb-silva.de/download/archive/qiime/).
OTU representative sequences were aligned using PyNAST.
The number of OTUs (i.e., phylotype richness) was calculated to
compare community-level alpha diversity at a single level of taxonomic
resolution. In this diversity analysis of 30 in situ soil samples, we ob-
tained from 38,593 to 83,341 sequences per sample for all soil samples.
A total 1,815,322 bacterial sequences that passed QIIME’s quality fil-
tering were included. They were clustered into 10,315 OTUs across 30
sample datasets. We assessed microbial alpha diversity using four me-
trics: the phylogenetic diversity (PD) index (Faith, 1992), the Shannon
index (Hill et al., 2003), the Chao1 index (Chao and Bunge, 2002), and
the observed OTU richness. To correct for survey effort (number of
sequences analyzed per sample), we used a randomly selected subset of
21,762 sequences per sample to compare alpha diversity.
2.6. Statistical analysis
NMDS, CCA, the Mantel test and ADONIS analysis were performed
using the R Vegan package (Dixon, 2003). The Mantel test was per-
formed to determine the biochemical properties that significantly cor-
related with community composition. For the Mantel test, the basal
biochemical property data were transformed into a Euclidean distance
matrix, and the Bray-Curtis (Bray and Curtis, 1957) dissimilarity algo-
rithm was used for the bacterial OTU table.
One-way analysis of variance (ANOVA) was used to detect sig-
nificant differences among the treatments. These analyses were carried
out with SPSS 22.0 software.
ADONIS based on 999 permutations was performed using the Bray-
Curtis (Bray and Curtis, 1957) algorithm to quantify community dif-
ferences between groups. These analyses were completed in the Vegan
package from the R v.2.2.1 project (Team, 2014). Rarefaction curves
were generated using the QIIME toolkit (http://qiime.sourceforge.net).
2.7. Nucleotide sequence deposition
All sequencing datasets were deposited in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (http://
trace.ncbi.nlm.nih.gov/Traces/sra/) under the study SRP108490.
2.8. Tomato yield and quality
Tomato was picked and weighed up in each treatment for yield
measurements. Three tomato samples were randomly collected for
quality measurement from every treatment and then were homogenized
immediately. The tomato slurry was used for following detection such
as contents of vitamin C (Vc), lycopene (Yang et al., 2010), organic
acid, and reducing sugar (Gao, 2006).
3. Results
3.1. Soil biochemical properties
The biochemical properties of the soil samples are shown in Table 1.
We found TN, TOC in soils had no obvious changes at day 0 and 60.
Most of the ratio C:N and soil water contents in samples increased after
60 days. Protease activity in CKL and W12 were increased and kept the
Table 1
General physico-chemical and biochemical properties in all treatments sampled at day 60 or at day 0 after seaweed fertilizer application.















CK0 0.10 1.13 10.97 0.136 0.24 ± 0.046 c‡ 2.55 ± 0.18 g 74.47 ± 7.22 d 0.55 ± 0.11 de 0.95 ± 0.08 a
CKL 0.12 1.34 11.13 0.101 0.10 ± 0.044 de 4.10 ± 0.38 f 93.38 ± 7.27 c 1.03 ± 0.06 c 1.02 ± 0.07 a
W6 0.09 1.02 11.16 0.124 0.09 ± 0.026 de 8.08 ± 0.22 a 100.47 ± 7.54 bc 1.76 ± 0.16 a 1.32 ± 0.12 ab
W9 0.12 1.16 9.60 0.139 0.14 ± 0.036 de 3.68 ± 0.25 f 113.47 ± 9.54 ab 0.72 ± 0.08 d 1.25 ± 0.12 ab
W12 0.10 1.00 10.38 0.138 0.17 ± 0.032 cd 5.00 ± 0.14 e 95.74 ± 9.24 c 0.68 ± 0.09 de 1.07 ± 0.09 a
Day 60
CK0 0.11 1.26 11.53 0.133 0.17 ± 0.046 cd 2.36 ± 0.29 g 70.92 ± 5.24 d 0.53 ± 0.04 de 0.93 ± 0.08 a
CKL 0.11 1.22 10.90 0.146 1.51 ± 0.100 a 7.09 ± 0.24 b 122.93 ± 3.71 a 0.52 ± 0.08 e 1.16 ± 0.09 ab
W6 0.09 1.09 11.47 0.150 0.06 ± 0.024 e 6.24 ± 0.28 c 119.38 ± 9.51 a 1.24 ± 0.06 b 2.62 ± 0.24 c
W9 0.10 1.09 10.73 0.156 0.09 ± 0.035 de 5.71 ± 0.29 d 112.29 ± 4.99 ab 0.90 ± 0.12 c 2.65 ± 0.27 c
W12 0.09 1.03 10.82 0.144 0.43 ± 0.078 b 8.35 ± 0.26 a 93.38 ± 7.97 c 0.61 ± 0.14 de 1.34 ± 0.12 ab
† TOC is total organic C; TN is total N; C:N is the TOC: TN ratio.
‡ Different letters within the same column indicate significant differences (p < 0.05).
§ Not subsampled.
¶ Values shown are means (standard deviation in parentheses).
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same in other groups after 60 days. Polyphenol oxidase activity in-
creased greatly in CKL, W9 and W12 except in the treatment CK0 and
W6. Urease activities increased in treatments CKL and W6 and were
constant in CK0, W9 and W12. Invertase activity decreased in CKL and
W6 after 60 days. Dehydrogenase activity in all the samples treated
with fertilization increased and no significant difference was observed
in control.
3.2. Taxonomic assemblages of bacterial communities and bacterial α-
diversity
The present study is the first work to extensively investigate bac-
terial communities with the addition of seaweed fertilization to soil by
means of deep sequencing of the bacterial 16S rRNA gene amplicons.
These data provided detailed information on the taxonomic composi-
tion and diversity patterns of the bacterial communities in the soil in
response to seaweed fertilization. We obtained numerous sequences
that were rarefied to a deeper level (21,762 sequences per sample) for
diversity analysis.
The relative abundance of the dominant phyla did not regularly
change with fertilization (Fig. 1). The amended soil at day 0 (soil
samples collected immediately after application of the fertilizer) was
dominated by Proteobacteria (28.24–32.08%), Actinobacteria
(21.68–26.16%), Firmicutes (11.95–18.07%), Acidobacteria
(8.25–9.99%), and Chloroflexi (4.47–6.62%) accounting for 78.9–87.6%
of the bacterial sequences (Fig. 1). Their taxonomic predominance at
day 60 changed slightly. Phyla Proteobacteria occupied 28.1–34.9%; the
abundance of Actinobacteria (18.3–22.0%) and Firmicutes (7.2–15.7%)
both decreased; and the abundance of Acidobacteria (11.6–15.1%) and
Chloroflexi (7.8–11.4%) both increased, accounting for 82.3–87.1% of
the bacterial sequences.
The bacterial diversity values were high and varied greatly among
samples with PD indices of 259.03–291.09, observed OTU numbers of
2830–3050, Chao1 indices of 3679.64–4168.94, and Shannon indices of
9.45–9.90 (Table 2). Fertilization increased the bacterial PD (P=0.01),
Shannon (P=0.05), and evenness indices (P=0.02) at day 60
(Table 2). The bacterial α-diversity was strongly influenced by 60 days
of fertilization.
3.3. Bacterial community structure
In an NMDS plot, a separation in bacterial community composition
between soil with fertilizer at day 0 and at day 60 was clearly observed,
indicating that seaweed fertilization results in a large variation in
bacterial community structure. The NMDS analysis revealed that the
bacterial community composition in the soil at 60 days after fertiliza-
tion (CK0, CKL, W6, W9 and W12) was distinctly different from that in
the soil at day 0 after fertilization (CK0, CKL, W6, W9 and W12)
(Fig. 2). The difference in bacterial community composition between
day 0 and day 60 within the same group such as CK0, CKL and W6 was
significant (P=0.1, Table 3) according to the ADONIS.
3.4. Relationships between community composition and biochemical
properties
CCA indicated that 16.1% of the total variance within the abun-
dance values of all species was explained by the first (8.77%) and
second (7.33%) ordination axes. The variation in bacterial composition
was significantly explained by invertase activity, polyphenol oxidase
activity, urease activity and dehydrogenase activity. They were well
correlated with the community composition of total bacteria (with the
longer arrow) (Fig. 3). All the bacteria taxa in samples treated with
seaweed fertilizer at day 0 were the closest to the arrow of invertase
activity and at day 60 were closer to dehydrogenase activity, poly-
phenol oxidase activity and urease activity. Treatments CK0 at day 0
were closest to the arrow of TN and at day 60 closer to TOC and C:N
ratio.
Mantel test revealed significant (P=0.019, 0.001 and 0.001, P-
values based on 999 permutations) relationships between bacterial
community composition and protease activity, polyphenol oxidase ac-
tivity or urease activity (Table 4), respectively.
3.5. Seaweed fertilizer application effects on tomato yield and quality
Tomato production and important quality characteristics such as Vc,
lycopene, organic acids, and reducing sugars (Gautier et al., 2008) were
measured at day 60 (Table 5). In general, compared to CK0 the fertilizer
application increased tomato yield from 1.48 to 1.83 times, Vc content
from 1.24 to 4.55 times and lycopene content from 1.20 to 2.33 times
(Table 5). One-way ANOVA of the tomato production data showed that
all dilutions of seaweed fertilizer (3.52 ± 0.33, 4.11 ± 0.21, and
4.36 ± 0.74 kgm−2) and Leili fertilizer application
(3.96 ± 0.18 kgm−2) all significantly increased tomato production
compared with water application (2.38 ± 0.23 kgm−2) (Table 5). The
highest tomato production was found at site W12. Seaweed fertilizer
application also increased the content of Vc in tomato. The highest Vc
content at approximately 17.41 ± 0.66mg g−1 was found at site W6.
The tomatoes in amended soil of sites CKL and W9 also had higher Vc
content at 8.24 ± 0.38 and 7.24 ± 0.25mg g−1 than CK0. Fertilizer
dosing also increased the tomato lycopene levels (Table 5). The highest
lycopene content was found at site W9 (42.35 ± 3.08mg 100 g−1 to-
mato). The lowest lycopene content was found at site CK0
(18.14 ± 1.54mg 100 g−1 tomato). There was no difference among
the organic acids and reducing sugars of all the tomato samples at day
60 except that reducing sugar levels at site W12 decreased to
0.20 ± 0.11mg g−1.
One-way ANOVA of the top 10 abundances in different treatments
at the levels of phylum, class, order, family, genus and species is shown
in Table 6. We found that species Bacillus asahii (P=0.006) and Bacillus
funiculus (P=0.042) are the most different in different treatments. The
class Bacilli (P=0.04), order Bacillales (P= 0.038), family Bacillaceae
(P= 0.031), and genus Bacillus (P= 0.023) they also showed sig-
nificant differences. Genus Arthrobacter (P < 0.001) belonged to fa-
mily Micrococcaceae (P < 0.001), and also showed significant changes
at different sampling time points.
4. Discussion
In the present study, we have provided detailed information on
bacterial community structure in seaweed-fertilized soils through a
high-through sequencing approach. Although it has a significant
Fig. 1. Relative abundance of the dominant phyla in all treatments sampled at days 0 and
60 of the incubation period. CK0: soil with water addition. CKL: soil with 6% commercial
Leili seaweed fertilizer application. W6, W9, and W12: soil with seaweed fertilizer ap-
plication once at 6%, 9% and 12%, respectively. Relative abundances derived from the
amended treatments are the individual values.
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difference from the surveyed full extent of diversity in treated soils,
previous studies suggest that depth sequencing can be used to compare
overall community compositions quantitatively and general diversity
patterns among different treatments (Chu et al., 2010; Rousk et al.,
2010; Shaw et al., 2008).
4.1. Factors affected soil microbial community
The obvious differences of bacterial community compositions in soil
with different treatments on day 0 and day 60 were observed. Many
factors could cause the change of rhizospheric microbial communities
after fertilization, such as sampling time, carbon/nitrogen resources,
soil water content, physiological status of plants and soil enzyme ac-
tivity (Berg and Smalla, 2009). These elements may participate in
shaping bacterial community. Based on NMDS and CCA, the individuals
of CK0 on day 0 were far away from that ones on day 60, indicating that
Table 2
Bacterial α-diversity in soil samples.
Treatments Phylogenetic diversity index (PD)† Observed-OTU richness† Chao 1 index† Shannon Wiener index (H’)†
Day 0‡
CK0 267.13 ± 3.02 2,987 ± 88 4,185.94 ± 323.90 9.66 ± 0.14
CKL 259.03 ± 2.66 2,909 ± 42 3,914.62 ± 122.96 9.52 ± 0.07
W6 291.09 ± 55.06 2,989 ± 358 7,671.70 ± 935.24 9.56 ± 0.05
W9 279.57 ± 21.80 3,084 ± 59 4,126.45 ± 355.39 9.83 ± 0.04
W12 251.98 ± 23.63 2,813 ± 278 3,654.12 ± 252.19 9.42 ± 0.70
Day 60§
CK0 279.30 ± 1.77 3,053 ± 63 4,412.36 ± 240.44 9.89 ± 0.10
CKL 281.93 ± 6.44 3,114 ± 242 4,235.25 ± 397.61 9.93 ± 0.25
W6 297.35 ± 8.03 3,183 ± 70 4,509.22 ± 339.61 9.92 ± 0.03
W9 283.41 ± 4.94 3,161 ± 82 4,348.26 ± 364.31 9.97 ± 0.10
W12 284.29 ± 5.55 3,166 ± 77 4,273.76 ± 330.13 9.98 ± 0.04
† Diversity indices are calculated using a random selection of 21,822 sequences per soil sample.
‡ Day 0: samples at day 0 after fertilizer application.
§ Day 60: samples at day 60 after fertilizer application.
Fig. 2. NMDS plot based on an OTU-based Bray-Curtis distance metric derived from the
amended treatments sampled with seaweed fertilizer application once at 6%, 9% and
12%. CK0: soil with water addition. CKL: soil with 6% commercial Leili seaweed fertilizer
application. W6, W9, and W12: soil with seaweed fertilizer application once at 6%, 9%
and 12%, respectively. Solid and empty symbols represent samples at day 0 or day 60
after fertilizer application.
Table 3
The bacterial community difference with seaweed fertilizer treatment (at day 60 vs
at day 0) by Adonis analysis.






† Statistic (R2) and significance (P) of differences between different groups (with
or without a short-term seaweed fertilizer application) are calculated by Adonis
analysis using OTU-based Bray–Curtis distances.
‡ Af: samples with a short-term seaweed fertilizer application (at day 60 after
fertilizer application).
§ Be: samples at day 0 after fertilizer application.
Fig. 3. CCA relating microbial properties to the main microbial sequence patterns after
application of seaweed fertilizer. The length of each arrow indicates the contribution of
the corresponding parameters to the structural variation. Empty circles and circles re-
present samples at day 0 or day 60 after fertilizer application. TOC is total organic C, TN
is total N.
Table 4
Mantel test showing the correlations between soil properties and the community com-
position of total bacteria in soil with short-term seaweed fertilizer application.




Water content 0.047 0.295
Protease activity 0.328 0.019*
Polyphenol oxidase activity 0.278 0.001***
Urease activity 0.374 0.001***
Invertase activity 0.147 0.103
Dehydrogenase activity 0.062 0.283
*, ** and *** are used to show statistical significance at the 0.05, 0.01, and 0.001 levels,
respectively, tested by the Mantel test.
† TOC is total organic C, TN is total N, C:N is the TOC: TN ratio.
‡ Pearson’s product-moment correlations (r) and P-values.
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bacterial community may also be affected by the addition time of water.
The water contents in all soil samples treated with fertilizer on day 60
were higher than that on day 0, except the water treated samples, which
also suggested that fermented seaweed fertilizer could alter the char-
acteristics of soil and improve the water-holding capacity of soil (Wang
et al., 2016b). The water-retention capacity should be benefit for
shaping microbial community compositions and improving the yield of
tomato. Due to different physiological statuses of the plants including
plant-microbe interaction process, plant species are able to shape their
rhizosphere microbiome (Berg and Smalla, 2009). During the ripening
process of apple, the increase in polyphenol oxidase activity could re-
sult in the defense barrier formation (Ayaz et al., 2008; Murata et al.,
1995). The treatments (CKL, W9 and W12) on day 60 showed higher
polyphenol oxidase activity, which is consistent with the truth that the
defense barriers are formed to protect fruits during ripening process of
plants, indicating that the defense status of plants may be involved in
the alteration of bacterial taxa.
4.2. Microbial and soil enzyme activities
An effect on total C and N is commonly only observed after con-
tinuous application of fertilizers for several years (Sherrod et al., 2003),
in particular, the effects of organic farm management, green manure,
and soil amendment with organic materials. Thus, the limited time-
frame of our study may be the reason that TOC and TN have a little
change between day 0 and day 60 and that these properties are con-
sidered as poor indicators for soil quality and health.
Invertase in soil is a useful indicator for the decomposition of or-
ganic C (Nannipieri et al., 2012), and dehydrogenase is a very im-
portant soil enzyme involved in carbon cycles (Dick, 1994; Sardans
et al., 2008). Previous results have also documented the application of
bioorganic fertilizer to execute C cycling and transformation for im-
proving soil invertase activity (Wang et al., 2016b). In CCA, invertase
activity is positively correlated with all samples treated with fertilizer
on day 0. Because organic fertilizer containing organic materials can
Table 5
Significance of tomato production, Vitamin c, lycopene, organic acid and reducing sugar with short-term seaweed fertilizer application at day 60 using one-way ANOVA.
Treatments Tomato production† Tomato production† Vitamin C† Lycopene† Organic acid† Reducing sugar†
(Day 60) (kg m−2 soil) (g plant-1) (mg g−1 tomato) (mg 100 g−1 tomato) (%) (mg g−1 soil)
CK0 2.38 ± 0.23 a‡ 680 3.83 ± 0.20 a 18.14 ± 1.54 a 1.39 ± 0.68 a 0.75 ± 0.20 a
CKL 3.96 ± 0.18 b 1131 8.24 ± 0.38 d 23.87 ± 2.62 b 1.68 ± 0.71 a 0.68 ± 0.12 a
W6 3.52 ± 0.33 b 1006 17.41 ± 0.66 e 21.79 ± 3.54 b 1.43 ± 0.51 a 0.64 ± 0.12 a
W9 4.11 ± 0.21 b 1174 7.24 ± 0.25 c 42.35 ± 3.08 c 1.25 ± 0.46 a 0.74 ± 0.22 a
W12 4.36 ± 0.74 b 1246 4.76 ± 0.45 b 26.90 ± 3.36 b 1.34 ± 0.57 a 0.20 ± 0.11 b
† Results are expressed with means ± standard deviation for the amended treatments (n= 3).
‡ different letters within the same column indicate significant differences (p < 0.05).
Table 6
Significance of top 10 classes, orders, families, and genera with high abundance at day 0 and day 60 using one-way ANOVA.
Phyla F P Class F P
Proteobacteria 0.756 0.658 Alphaproteobacteria 0.645 0.739
Actinobacteria 0.756 0.658 Bacilli 3.242 0.040*
Thaumarchaeota 1.787 0.189 unidentified_Actinobacteria 1.941 0.158
Firmicutes 1.077 0.451 unidentified_Acidobacteria 8.915 0.001***
Acidobacteria 4.212 0.017* SCG 1.030 0.478
Chloroflexi 7.398 0.002** Thermoleophilia 1.445 0.287
Bacteroidetes 4.869 0.011* Clostridia 1.007 0.491
Gemmatimonadetes 0.974 0.511 Gammaproteobacteria 1.043 0.470
Thermomicrobia 5.231 0.008** Deltaproteobacteria 1.084 0.447
Verrucomicrobia 1.597 0.238 Betaproteobacteria 0.926 0.541
Order F P Family F P
Bacillales 3.306 0.038* Bacillaceae 3.518 0.031*
Rhizobiales 0.761 0.654 Sphingomonadaceae 1.348 0.323
Rhodospirillales 0.726 0.679 Gemmatimonadaceae 7.326 0.002**
Subgroup_6 7.918 0.002** Paenibacillaceae 2.229 0.114
Clostridiales 1.005 0.492 Rhodospirillaceae 2.934 0.054
Sphingomonadales 1.190 0.392 Ruminococcaceae 1.061 0.460
Micrococcales 5.339 0.008** unidentified_SCG. 1.016 0.486
Xanthomonadales 1.032 0.476 Micrococcaceae 14.141 < 0.001***
Myxococcales 2.561 0.080 RB41 4.186 0.018*
Subgroup_4 9.603 0.001*** Nocardioidaceae 1.206 0.385
Genus F P Species F P
Bacillus 3.867 0.023* Bacillus_asahii 5.585 0.006**
Sphingomonas 1.515 0.263 Rhizobium_larrymoorei 0.854 0.589
Oxalophagus 0.663 0.220 Bradyrhizobium_elkanii 2.074 0.136
Candidatus_Nitrososphaera 1.016 0.486 Microvirga_sp._JC119 2.430 0.091
Arthrobacter 11.762 <0.001*** Nitrospira_japonica 0.770 0.647
Roseiflexus 2.629 0.074 Bacillus_funiculus 3.210 0.042*
Gaiella 1.822 0.182 Pseudoxanthomonas_mexicana 0.856 0.588
Skermanella 2.187 0.119 Bacillus_simplex 1.318 0.335
Blastococcus 5.002 0.010** Streptomyces_thermovulgaris 0.746 0.665
Microvirga 0.687 0.708 Pseudomonas_monteilii 1.608 0.235
*, ** and *** are used to show statistical significance at the 0.05, 0.01, and 0.001 levels, respectively.
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increase soil organic matter, which can provide the carbon source of
soil microbes (Wang et al., 2008; Zhong et al., 2007), so that its addi-
tion can stimulate soil invertase activity on day 0. After application for
60 days, dehydrogenase activity reveals a significant correlation with
the individuals of fertilizer-treated soils, indicating the active utiliza-
tion of carbon by different microbial taxa.
Based on our mantel test, protease activity, polyphenol oxidase
activity and urease activity are correlated with bacterial community
compositions. Polyphenol oxidase activity is involved in defense reac-
tions against plant pathogens because it can catalyze the formation of
lignin and other oxidative phenols that contribute to the formation of
defense barriers by reinforcing cell structure (Avdiushko et al., 1993;
Bashan et al., 1987). The treatments (CKL, W9 and W12) on day 60
exhibit higher enzyme activities, and CCA analysis are also closer to
polyphenol oxidase activity, thereby implying the important roles of
polyphenol oxidase activity in these treatments, such as the formation
of defense barriers to protect fruits during ripening process. This in-
crease may be not the specific result of fertilizer application because the
increased polyphenol oxidase activity is also observed during apple ri-
pening process without any fertilization (Ayaz et al., 2008; Murata
et al., 1995). It is not clear for the reason of decreased poly-
phenol oxidase activity in W6 yet.
Seaweed-influenced soil microbial community may finally exhibit
the improved functions of nutrient turnover in soil including enhanced
soil enzyme activity (Liu et al., 2013). Bacillus_asahii is reported to be
able to significantly increase the activities of both soil polyphenol
oxidase and lipase (Feng et al., 2015). According to the results of one-
way ANOVA, species Bacillus asahii and Bacillus funiculus may be the
most important factors during short-term fertilizer application to soil.
Combined with the results that polyphenol oxidase activity is closer to
W6, W9 and W12 on day 60 in CCA analysis, Bacillus asahii may affect
the increase of polyphenol oxidase activity.
Microbial activity can also be induced by the release of enzymes
from roots (Bakken, 1990). Extracellular enzymes usually catalyze the
rate-limiting steps of decomposition and nutrient cycling (Sinsabaugh
and Moorhead, 1994) so that their expression and kinetic potentials are
useful parameters for nutrient turnover models. Many reports have
demonstrated the conceptual models using enzyme activity to describe
the acquisition of C and N by microorganisms (Allison, 2005; Schimel
and Weintraub, 2003; Sinsabaugh and Moorhead, 1994). Due to the
involvement of protease activity and urease activity in the N cycle, the
increase in the activity of these enzymes indicate protein hydrolysis
and nitrogen fixation (Burns, 1982). Microbes regulating enzyme pro-
duction according to their needs and substrate availability should have
a competitive advantage (Koch, 1985). Therefore, the application of
seaweed fertilizer after biological fermentation may generate more
bioavailable substrates such as non-structural proteins, and abundant
peptides in soil. The presence of a large amount of bioavailable N can
induce protease secretion (Kalisz, 1988). Proteases are produced by a
wide range of bacteria, actinomycetes and fungi (Glenn, 1976; Kumar
and Takagi, 1999) and usually have a wide substrate-specificity, thus
correspondingly degrading most non-structural proteins (Kalisz, 1988).
These decomposed nitrogen source can also be utilized by other mi-
croorganisms, especially the same genus Bacillus. Therefore, genus Ba-
cillus shows a significant change after 60 days treatment of fermented
seaweed fertilizer. Genus Arthrobacter at different sampling time points
presents significant changes. It is reported that ammonium can stimu-
late nitrate reduction during simultaneous nitrification and deni-
trification of Arthrobacter arilaitensis Y-10 (He et al., 2017), thus im-
plying the production of ammonia. Nitrification and denitrification of
Arthrobacter can indirectly help tomato to acquire available nitrogen
resource. In addition, the relatively high soil moisture may result in
higher soil urease activity (Sardans et al., 2008) in all fertilizer-treated
soil samples, but not in the control CK0, indicating that one possible
factor for changing soil microbial community structure by fermented
seaweed fertilizer is water retention.
Considering the above-mentioned factors, the increased bacterial
diversity and the changes in metabolic potential in the rhizosphere
microbiome are at least partially dictated by the amendment of sea-
weed fertilizer.
4.3. The effects of seaweed fertilizer on tomato quality
The changes in microbial activity and compositions can influence
plant growth by enhancing nutrient turnover (Zhang et al., 2012). The
application of fermented seaweed extract increases microbial growth
and activity in soil, which in turn may lead to the improved plant
performance (Santoyo et al., 2012). Previous data have demonstrated
that the application of aqueous extract of Sargassum johnstonii to tomato
can significantly promote plant growth, improve reproductive para-
meters, and optimize biochemical constituents, especially the contents
of Vc and lycopene (Kumari et al., 2011). The powder of seaweed ex-
tract as the fertilizer could result in a significant increase in oil amount
and leaf area of Rosmarinus officinalis L (Tawfeeq et al., 2016). The
seaweed fertilizer from Qingdao Bright Moon Seaweed Group Co. Ltd.
(Qingdao, China) can result in the increase in plant height and dry
weight of Malus hupehensis Rehd seedlings (Wang et al., 2016b). These
reported effects of seaweed fertilizer on crops have focused on the
improved crop performance and yield, and the enhanced resistance to
biotic and abiotic stress, but the effects of seaweed fertilizer on soil
microbial community are rarely explored. Recently, commercial sea-
weed fertilizers have been applied for evaluating their effects on soil
microbial community. Alam et al. (2013a,b) have reported the effects of
Ascophyllum extract on strawberry and carrot, and found that the ap-
plication of Ascophyllum extract also can increase root-zone soil mi-
crobial activity, except the effect on plant growth and production (Alam
et al., 2013a,b). Wang et al. (2016b) have applied commercial seaweed
fertilizer to apple seedlings under replant conditions to reveal the in-
creased soil enzyme activity, the changed fungal community in soil, and
the improved soil quality during the application of seaweed fertilizer at
appropriate dose (Wang et al., 2016b). Similarly, in the present study,
all seaweed fertilizer treatments can result in the higher tomato yield
and significantly increased Vc and lycopene contents when compared
with the control CK0. The optimal and economical dilution rate of
seaweed fertilizer may be 9% (sample W9), which results in the higher
tomato yield of 4.11 kgm−2, higher Vc content of 7.24mg g−1, and the
highest lycopene content of 42.35mg 100 g−1. Compared to commer-
cial fertilizer Leili, W9 has the better improvement effect on tomato
quality, which will provide us a reference for proper dilution ratio for
our seaweed fertilizer products.
It is reported that mycorrhizae as a substitute for inorganic ferti-
lizer, the highest fruit wet weight of tomato (Lycopersicon esculentum L.)
was 556 g/plant equal to 1.946 kgm−2 after conversion (Alawathugoda
and Dahanayake, 2015). However, our wet weight of tomato (Lyco-
persicon esculentum Mill) subjected to the application of seaweed ferti-
lizer is in the range of 3.52–4.36 kgm−2, which reveals the enhance-
ment by 1.8–2.2 compared with the previously reported weights
(Alawathugoda and Dahanayake, 2015). On the other hand, it does not
reach the yield level of tomato (Solanum lycopersicum L.) treated with
organic mineral fertilizer at the dose of 80 t ha−1 with the equivalent of
8 kgm−2 (Vitale et al., 2017) and Sainto tomato (CTX 201) treated with
bioorganic fertilizer at the dose of 9 kgm−2 (Liu et al., 2015).
5. Conclusions
The application of seaweed fertilizer at different dilution levels or
commercial Leili seaweed fertilizer increases bacterial diversity and
richness, and also shifts microbial community structure significantly
under the experimental parameters employed in this study. The appli-
cation of seaweed fertilizer can induce soil enzyme activity and mi-
crobial activity, thus promoting the improvement of soil quality.
Therefore, the extract of Sargassum horneri can be recommended as soil
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drench for agriculture to increase yield and/or quality of tomato pro-
ducts. The amendment of seaweed fertilizer is a promising approach to
develop more sustainable agriculture, which will be beneficial for plant
development and soil health.
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